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1. Graphene oxide based non-metallic multilayered coatings developed on

steel substrates for the coating applications in pressure regulator, flow regulator and stop valves

in the hydrogen storage and distribution systems. First time ever, superlubricity (COF < 0.002) is

observed for graphene oxide based coatings. Onion-Like Carbon (OLC) nanoparticles were found to be
generated during sliding of graphene oxide in dry nitrogen and hydrogen, while humid atmosphere
destroys the OLC particles.
2. The mechanism or science behind the evolution of nanoparticles during sliding was investigated
using DFT simulations. Two journal papers (ACS Applied material and interfaces) and six conference
proceedings were produced from this project.
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The tribological behavior (i.e. friction and wear)
of ultraslow friction materials and coatings in
extreme environments (hydrogen) requires
detailed investigation for reducing the energy
loss from friction and to enhance the lifetime of
components. The frictional properties of
graphene and related materials and other layered
materials such as graphene oxide (GO) and
Molybdenum disulfide (M0S,) have not yet been
extensively explored under extreme
environments such as hydrogen and nitrogen.
Very basic friction tests performed on graphene
in ar have produced promising results, and
graphene could feasibly replace DL C coatings. If
we find out the conditions in which graphene
shows good tribological performance, it could be
suitable for many applications such as hydrogen
fueling stations, FCVs, and MEMS/NEMS. In
this  project

the macroscopic tribological

properties of graphene and Molybdenum
disulfide (MoS;) will be studied in controlled
environments such as hydrogen, nitrogen, argon,
humidity, and oxygen. These macroscopic test
results will be compared with nanotribological
properties and the gap between nano and macro
scales can be bridged. Solid conclusion will be
drawn about the

underlying tribological

mechanisms of graphene’s frictional properties.

The purpose of this research is to investigate the
tribological behavior of layered solids such as
graphene oxide and MoS, based non-metallic
coatings on steel substrates in hydrogen and
non-hydrogen environments for the coating
applications in pressure regulator, flow regulator
and stop valves in the hydrogen storage and
distribution systems. The physical and chemical

interpretations of the observed friction results will

be used to construct an empirical model to predict
the tribological behavior over wide range
environmental and operating conditions. Hence, In
the beginning, the role of every variable such as
load, speed, environment on friction results is
obtained through an experiments. I am also
investigating the failure mechanics (i.e. contact
mechanics and wear modes) of these coatings with
respect to environments to design durable coatings

(less wear).

To design a durable coating (low friction and
wear) and to predict the tribological behavior over
wide range of environmental and operating
conditions, empirical models are necessary. In
order to develop an empirical model, preliminary
results and data are necessary. Hence, I developed
a coating and performed tribological experiments.
First time ever, super-low friction coefficients
(COF, p < 0.04) were observed in hydrogen and
nitrogen for GO based coatings. The energy
conservation was up to 20 times in H, and N, than
in humid ambient air. Physical and chemical
interactions promoted by dry environments (H,
and N,) have led to super low friction. The
physical interactions are studied by morphology
study, film design, wear assessment, failure
mechanics, contact mechanics and environmental
control. Chemical interactions are studied by
analytical chemical characterizations and DFT
simulations. Understanding the influence of
physical and chemical interactions is essential to
identify the role of each variable on friction. Then,
empirical model will be developed using this
knowledge for estimation of friction for a wide
range of environmental and other conditions such

as load, speed, pressure and so on.



We successfully developed a 300nm thin
(PEI/GO)n films on steel using layer-by-layer
(LBL) technique.

We successfully demonstrated for the first
time that the Graphene oxide can provide the
superlubricity (COF ~ 0.005) in macroscale
engineering applications. We also postulated
that the moisture in the air or nitrogen can
significantly affect the tribology of Graphene
oxide or GO based lamellar coatings.

We also proposed nano-roller low friction
mechanism for the observed superlubricity in
dry environments (N, and H,) for the first
time.

We also provided an insight into how water or
dry gases such as N,, intercalates between the
graphene oxide layers to influence the Nano
scrolls formation, using DFT simulations.
We made a profound investigation on carbon
transfer film formation with six different
polymer counterface balls, in air and dry
nitrogen environments. The

(ball and

relationship

between tribopairs surface),

environments and friction behavior is
investigated.

We concluded that the hardness and surface
energy of counterface ball are more important
parameters out of 20 plus parameters that
seem to influence the formation of tribo-films,
and consequently very low COFs in this
system

We plan to make an empirical model using
these findings to predict the tribological
behavior of system that are running in

hydrogen and other environments.
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